In a mouse chronic hypoxia model of pulmonary hypertension, we discovered a novel hypoxia-inducible gene in lung, FIZZ1/RELM␣, first through a cDNA array analysis and then confirmed by RT-PCR. Western blot and immunohistochemistry revealed that its expression was induced by hypoxia only in lung. The hypoxia-upregulated gene expression was located in the pulmonary vasculature, bronchial epithelial cells, and type II pneumocytes.
P ulmonary vascular remodeling, characterized by pulmonary microvascular smooth muscle cell proliferation, is implicated in the development of hypoxic pulmonary arterial hypertension (PAH). To search for the genes that may participate in the pulmonary remodeling, a cDNA microarray analysis (Incyte Genomics; 9415 genes) was performed using lung samples from mice exposed to 10% O 2 or room air for 4 days. EST AA712003 was found to be induced by hypoxia.
A literature search revealed that EST AA712003 had just been reported as FIZZ1 (found in inflammatory zone 1), a protein induced in murine lung in an ovalbumin-induced asthma model. 1 Besides its induction in the bronchial mucosal epithelial cells, FIZZ1 was also induced in type II pneumocytes and it inhibited NGF-induced survival of DRG neurons and NGF-mediated increase in neuronal CGRP content. 1 Holcomb et al also reported that FIZZ1 is a secreted protein sharing the consensus sequence of 10 cysteine residues in the C-terminus ( C 10 C) with two other murine genes expressed respectively in intestinal crypt epithelial (FIZZ2) and white adipose tissue (FIZZ3) and two related human genes (human FIZZ1 and human FIZZ3). 1 Later, FIZZ3 was shown to be implicated in type II diabetes mellitus and was renamed as resistin. 2 FIZZ1 and FIZZ2 were renamed as resistin-like molecule ␣ (RELM␣) and ␤ (RELM␤), respectively. 3 Human FIZZ1, however, was renamed as human RELM␤. 3 Recently, FIZZ1 was found in macrophages 4 and in the stromal vascular fraction of adipose tissue, 5 and it inhibited adipocyte differentiation. 6 However, the function of FIZZ1 remains unclear.
We hypothesized that FIZZ1 participates in the process of hypoxia-induced pulmonary remodeling. FIZZ1 could be induced at or near the pulmonary vasculature by hypoxia, and the secreted FIZZ1 might have a proliferative effect on the pulmonary vascular smooth muscle cells. We proceeded to validate the microarray result and confirmed that FIZZ1 was markedly induced by hypoxia in the pulmonary vasculature as well as in bronchial epithelial cells and type II pneumocytes. We tested the proliferative role of FIZZ1 in cultured rat pulmonary microvascular smooth muscle cells (RPSM) using a 3 H-thymidine incorporation assay with recombinant FIZZ1. FIZZ1 was shown to stimulate RPSM proliferation, and so we renamed FIZZ1 as hypoxia-induced mitogenic factor (HIMF).
Materials and Methods
For a detailed description of animals, hypoxia exposure, cell culture, 3 H-thymidine incorporation assays, RT-PCR, recombinant HIMF, Western blots, immunohistochemistry of HIMF, matrigel plug assay, intact chest mouse experiment, rapid amplification of cDNA ends, cloning and analysis of mouse HIMF genomic sequence, and statistical analysis, please see the online data supplement (available at http://www.circresaha.org).
Results and Discussion

HIMF Is Induced in Lung by Hypoxia
RT-PCR results confirmed that hypoxia upregulated HIMF mRNA expression in murine lungs, and the HIMF mRNA induction peaked at 1 day of hypoxia and lasted for 7 days (Figure 1a) , corresponding with the period of maximum vascular smooth muscle cell proliferation during development of hypoxic PAH. 7 Western blot shows that exposure of mice to hypoxia for 4 days significantly increased HIMF protein expression only in lung (Figure 1b) . The immunohistochemistry of mouse lung sections showed that, under normoxic conditions, HIMF protein was not expressed in the pulmonary vasculature, and its expression in epithelial cells was minimal (Figure 1c) . Like the ovalbumininduced asthma model, 1 exposure of mice to hypoxia for 4 days increased HIMF protein expression in airway epithelial cells and type II pneumocytes (Figure 1d ). However, unlike the ovalbumininduced asthma model, 1 hypoxia markedly increased HIMF expression in the pulmonary vascular cells. HIMF is a secreted protein 1 (Figure 2a) . Therefore, our results suggest that under hypoxia, HIMF may be secreted from the pulmonary vascular cells as well as the neighboring type II pneumocytes and act on the pulmonary vascular cells through both paracrine and autocrine fashions.
We cloned and sequenced the genomic sequence of mouse HIMF gene (AF516926). Multiple inflammation-related transcription factor binding motifs such as NF-B, C/EBP, and GAS were found across the genomic sequence, the 5Ј and 3Ј flanking regions and introns (see online data supplement), suggesting that the expression of HIMF may be regulated by those transcription factors. The mechanism by which hypoxia upregulates the expression of HIMF in lung remains unknown and is worth investigating.
HIMF Stimulates RPSM Proliferation
Chronic hypoxia exposure will result in pulmonary vascular remodeling that is characterized by pulmonary vascular smooth muscle cell migration and proliferation, a major event in the development of hypoxia-induced PAH. We hypothesized that the hypoxia-induced HIMF expression might participate in the pulmonary remodeling. Using a 3 H-thymidine incorporation assay, the effect of recombinant HIMF on the proliferation of RPSM was tested. Figure 2b shows that HIMF dose-dependently increased the proliferation of RPSM at concentrations of 3.3ϫ10 Ϫ9 to 3.3ϫ10 
PI3K/Akt Signal Transduction Pathway at Least in Part Mediates the Proliferative Effect of HIMF
The phosphatidylinositol 3-kinase (PI3K) family of enzymes is activated by a variety of upstream signals and produces 3Ј phosphoinositide lipids, which bind to and activate diverse cellular target proteins that ultimately result in the mediation of cellular activities such as proliferation and survival. 8 One of the downstream targets of PI3K is the serine/threonine kinase Akt, which mediates cell growth through stabilization of cyclin D1 and downregulation of Cdk inhibitors p27 and p21. 8 The PI3K/Akt pathway has been shown to mediate proliferation and migration of human pulmonary vascular smooth muscle cells 9 and other vascular smooth muscle cells. To test whether the PI3K/Akt pathway mediates the proliferative effect of HIMF, we first examined whether HIMF could activate the PI3K/Akt pathway. Figure 2c shows that HIMF strongly activated the phosphorylation of Akt. The Akt activation (phosphorylation) peaked at 5 minutes and was sustained through 60 minutes. The PI3K inhibitor LY294002 (10 mol/L) inhibited HIMF-activated Akt phosphorylation (Figure 2d ). Genistein (20 mol/L) and NF449 (50 mol/L), which have been shown to inhibit serum-induced RPSM proliferation in the preliminary experiments, however, did not inhibit the Akt activation. LY294002 also inhibited HIMF-stimulated RPSM proliferation (Figure 2e ), suggesting that the PI3K/Akt pathway, at least in part, mediates the proliferative effect of HIMF.
HIMF Has Angiogenic and Vasoconstrictive Properties
The PI3K/Akt pathway plays a critical role in the regulation of vascular homeostasis and angiogenesis. HIMF activation of the PI3K/Akt pathway suggests that it may have other effects on the vascular cells besides stimulation of RPSM proliferation. The angiogenic effect of HIMF was evaluated in an in vivo matrigel plug model. HIMF significantly increased the vascular tube formation in the matrigel plug in vivo (Figures 3a through 3d) , from 4.3Ϯ0.84 to 17.7Ϯ1.37/ϫ20 field (nϭ3, PϽ0.001), suggesting that it is an angiogenic factor. Whether Akt activation participates in the process of HIMF-induced angiogenesis needs further investigation.
Intravenous injection of HIMF increased the pulmonary arterial pressure (PAP) and pulmonary vascular resistance (PVR) (Figure  3e ). The molar dose-response curves show that HIMF is a more potent pulmonary vasoconstrictor than endothelin-1, angiotensin II, or serotonin (Figure 3e) . Injection of FLAG elution buffer had no effect on PAP, suggesting that the vasoconstrictive effect is HIMF specific. Thus, HIMF is a highly potent constrictor of the pulmonary vasculature. The mechanisms underlying the HIMF-induced constriction and the role of HIMF in pulmonary vascular physiology and pathophysiology require further investigation.
In conclusion, HIMF is a hypoxia-induced mitogenic factor in lung with potent angiogenic and pulmonary vasoconstrictive properties. The PI3K/Akt pathway, at least in part, mediates its proliferative effect. These findings warrant thoroughly evaluating the role of HIMF in the development of cardiovascular diseases and further understanding its signal transduction pathways, which may ultimately lead to new avenues for the treatment of cardiovascular diseases. 
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